Abstract The main factors responsible for anaerobic recalcitrance are reviewed. Anaerobic recalcitrance is associated with hydrocarbons lacking functional groups, branched molecules (gasoline oxygenates), aromatic amines and aromatic sulfonates. The most recalcitrant compounds are high molecular weight nonhydrolyzable polymers such as plastic, lignin and humus, which cannot be taken up by cells. Recently new capabilities of anaerobic microorganisms have been discovered to degrade compounds previously considered to be recalcitrant. For example, anaerobic bacteria initiate the degradation of alkylbenzenes and alkanes with an unusual addition reaction with fumarate, forming a hydrocarbon-succinate adduct. Finally, new evidence indicates that the most recalcitrant compounds (humic substances) are not so inert and can play important roles in aiding the biodegradation of other compounds by serving as an electron acceptor or redox mediator.
Introduction
Anaerobic treatment technologies were initially developed for the treatment of readily biodegradable fractions of municipal wastewater, manures and sludges. With the development of high rate systems in the period from the 1950s to 1980s the technology was applied to agroindustrial effluents. As the technology matured, increased knowledge on toxicity and biodegradability enabled applications to include effluents containing toxic and recalcitrant compounds from the chemical, petrochemical and pulp/paper industries. Additionally anaerobic processes are being applied to bioremediation. Our insights on the capacity of anaerobic microbial consortia to biotransform and mineralize compounds is ever expanding as more and more studies are conducted. The goal of this paper is to review the present understanding of recalcitrance in anaerobic environments.
Recalcitrance Intrinsic
There are numerous reasons accounting for the recalcitrance of organic compounds in anaerobic environments. Firstly, intrinsic limitations, which refers to the absence of biodegradative capacity, can be due to the lack of cell uptake mechanisms, lack of proper enzymes initiating attack, lack of functionality, unfavorable thermodynamic reaction, or steric hindrance.
Lack of functionality. The lack of any functional groups has been a characteristic associated with the recalcitrance of hydrocarbons in anaerobic environments (Schink, 1985; Schink, 1988) . Aerobic organisms can introduce functionality into unsubstituted hydrocarbons by inserting elemental oxygen with oxygenases. These enzymes activate the oxygen by partially reducing it, allowing for the incorporation of a hydroxy group. Anaerobes have a much more difficult task as they must introduce functional groups with H 2 O, HCO 3 -or organic acids.
Unfavourable thermodynamic reaction. The thermodynamic favourability (negative Gibb's free energy change) of a given reaction will depend to a large extent on the redox potential (E') of electron acceptors available for the reaction. Elemental oxygen/H 2 O has the highest potential (0.82 V); however, certain anoxic electron acceptors such as nitrate/N 2 (0.75 V), manganese oxide/MnCO 3 (0.5 V) offer high electron potentials. On the other hand sulfate/sulfide (-0.21 V) and bicarbonate/CH 4 (-0.24 V) have by comparison much lower redox potentials. Nonetheless there is still enough free energy available for the reaction of hydrocarbons to occur with alternative electron acceptors. The Gibb's free energy change for the degradation of toluene for example is -205 and -131 kJ/mol under sulfate reducing and methanogenic conditions, respectively. Fermentative bacteria metabolizing hydrocarbons to H 2 (and acetate) is a highly endergonic reaction. Consequently these bacteria would need to depend largely on a syntrophic partner either a methanogen or other H 2 -utilizing organism to remove intermediates in order to make the reaction thermodynamically feasible. Polychlorinated hydrocarbons are readily susceptible to reductive dechlorination because of the large Gibb's free energy available. But as the chlorine number decreases, reductive dechlorination becomes thermodynamically less feasible (Beurskens et al., 1994; van Eekert et al., 1999) . Thus lower chlorinated hydrocarbons tend to persist as end products in anaerobic environments (Beurskens et al., 1993; Wiegel and Wu, 2000) .
Steric hindrance. Steric hindrance due to branching of molecules, has proven to be difficult for degradation processes. In the case of hydrocarbons, the branching may interfere with beta-oxidation. Highly branched hydrocarbons such as pristane and phytane tend to be more slowly degraded compared to their linear counterparts in aerobic environments (Alexander, 1999) . The gasoline oxygenates such as methyl-tert-butyl ether with quartenary carbons, which were introduced into the environment a decade ago, have proven to be quite difficult for anaerobic biodegradation due to the long residence time of these compounds in subsurface environments (Prince, 2000; Puig-Grajales et al., 2000) . In the case of reductive dechlorination, hard to access chloro groups in polychlorinated biphenyls tend to be resistant to anaerobic biotransformations (Wiegel and Wu, 2000) .
Electron donating functional groups. The presence of electron donating functional groups, such as amines can form a stumbling block, for the nucleophilic attack of the molecule by anaerobes (Knackmuss, 1996) . Aromatic amines are important biotransformation products of azo dyes and nitroaromatics (Razo-Flores et al., 1997) Most aromatic amines are persistent to anaerobic degradation. The simplest aromatic amine, aniline, is extremely recalcitrant to degradation under methanogenic conditions Tan et al., 1999) .
Sulfonates. Sulfonates are acids, which are fully dissociated at physiological pH values, thus cell uptake is restricted to active uptake systems. Aliphatic sulfonates occur naturally, e.g. taurine and coenzyme M (of methanogens). The use of simple aliphatic sulfonates as an electron acceptor for sulfate reducing bacteria or as an electron donor by sulfoxidizing denitrifying bacteria is well established (Cook et al., 1999) . On the other hand, aromatic sulfonates are largely xenobiotic compounds associated with commonly used surfactants, linear alkylbenzene sulfonates (LAS), lignosulfonates from sulfite pulping and amino aromatic sulfonate units of dyes. There is little evidence for degradation of aromatic sulfonates under anaerobic conditions. LAS compounds were not mineralized in anaerobic sediment (Federle and Schwab, 1992) , likewise there was no anaerobic mineralization of various amino aromatic sulfonates (Tan et al., 2001 ).
Bioavailability
Bioavailability limitations can result from the poor uptake of non-hydrolyzable polymers or from the slow dissolution of highly apolar pollutants.
Non-hydrolyzable polymers. Plastics, lignin and humic compounds are perhaps the examples of non-hydrolyzable pollutants which are persistent to biodegradation. In the case of plastics built out of hydrocarbons (e.g. polyethylene or polystyrenes), no enzymes are known which can break up the polymers extracellularly. However, if microorganisms are offered oligomeric pieces of the polymer, which can passively diffuse into the cell, then biodegradation was found to occur (Cain, 1992) . Similarly, the natural random aromatic polymers, lignin and humus, are virtually impossible to degrade by most microorganisms. The average mean residence time of humus in aerobic soils ranges from 250-1900 years (Stevenson, 1994) . The only organisms that can significantly degrade lignin and humus are white rot fungi producing extracellular oxidative enymes which together with elemental oxygen cause an erosion of the polymers with radical species (Kirk and Farrell, 1987) . The geological evidence also suggests the non-biodegradability of lignin and humic materials in the absence of elemental oxygen. Peat, coal and mineral oil are testimonies of lignin and humus, which have survived millions of years of decay processes in ancient anaerobic environments. Curiously, phenolic building blocks of lignin are readily mineralized in anaerobic environments (Healey et al., 1980) . Likewise lignin dimers and lignin oligomers representing each type of intermonomeric bond in lignin are also readily degraded in anaerobic environments (Chen et al., 1985; Zeikus et al., 1982; Colberg and Young, 1985) . During anaerobic treatment of pulping wastewater, molecular weight distribution studies demonstrate that the high MW fractions are inert; while the lowest MW fractions corresponding to monomers and oligomers are metabolized (Sierra-Alvares et al., 1990; Kortekaas et al., 1998a) . Humic substances have not been tested as much as lignin in anaerobic environments. Peat samples were shown to resist degradation after 31 days of incubation with anaerobic sludge adapted to lignocellulose (Owens et al., 1979) . The sludge was in any case capable of degrading partially depolymerized peat samples. No biodegradation was observed when a mixed heterotrophic bacterial community was incubated for 90 to 100 days with various samples of humic acid, synthetic polyphenols and melanoids under nitrate reducing conditions (Yanze and Blondeau, 1990) . Therefore it is the high MW quality of natural lignins and humus that is responsible for their recalcitrance. Large non-hydrolyzable polymers cannot be taken up by microorganisms to be attacked intracellularly and they are also not susceptible to extracellular hydrolytic enzymes of anaerobes.
Mass transfer limitations.
Many aromatic pollutants such as polychlorinated aromatic hydrocarbons and polycyclic aromatic hydrocarbons (PAH) are highly apolar, having both a low solubility in water and a high tendency for strong adsorption onto organic matter in soil and sediment matrices or partitioning into non-aqueous phase liquids. As pollution ages it becomes progressively less available due to sequestering by soil particles, such as the entrapment of sorbed pollutants inside micropores (Alexander, 1999) . The slow dissolution and desorption of these compounds into the water phase has often been found to be the rate limiting step in the biodegradation kinetics (Volkering et al., 1993) . Since the recalcitrance in this case is due to a physical limitation rather than a biological limitation, improvements in the biodegradation of apolar compounds must first be sought in increasing the bioavailability, e.g. through the use of surfactants.
Anaerobic biodegradation of very recalcitrant compounds Unsubstituted hydrocarbons
In the last 10 years, a large number of compounds, previously regarded by the going paradigm as extremely recalcitrant in anaerobic environments, have now been shown to be degraded without oxygen. Perhaps the greatest developments have been with the anaerobic biodegradation of unsubstituted hydrocarbons.
Aromatic hydrocarbons. Benzene, toluene, xylene and ethylbenzene compounds are now known to be mineralized under anaerobic conditions under a wide variety of electron accepting conditions ranging from methanogenic, sulfate reducing, iron reducing, manganese reducing to denitrification (Heider et al., 1999; Frazer et al., 1995; Kazumi et al., 1997; Langenhoff et al., 1997) . Anaerobic BTEX degrading activities and microorganisms are typically associated with sites that have been historically polluted with petroleum hydrocarbons (Phelps and Young, 1999) . Anaerobic biodegradation of benzene is relatively slow, laboratory enrichment cultures required almost two years to mineralize 225 µM of benzene under methanogenic conditions (Kazumi et al., 1997) . By comparison, anaerobic toluene degradation is more rapid with doubling times as little as 6 h observed for denitrifying bacteria (Heider et al., 1999) .
The true mechanism of activating toluene for anaerobic metabolism has only recently been unraveled (Heider et al., 1999 Figure 1 Activation of toluene for anaerobic biodegradation by fumurate addition to form benzyl-succinate and subsequent degradation steps leading to benzoyl-CoA formation (Heider et al., 1999) reaction (presumably a glycine radical). This type of reaction has been documented in denitrifying, sulfate reducing, anoxygenic phototrophic bacteria, and a methanogenic consortium (Beller and Edwards, 2000) .The pathway proposed is shown in Figure 1 , which leads to the formation of benzoyl-CoA, the central metabolite of anaerobic aromatic compound degradation prior to ring saturation and cleavage (Harwood et al., 1999) .
Polycyclic aromatic hydrocarbon (PAH) mineralization under anaerobic conditions has also been observed under denitrifying, sulfate reducing and manganese reducing conditions (Table 1) . Like BTEX, anaerobic metabolism of PAH in the environment is closely associated with sites historically polluted with petroleum hydrocarbons where microorganisms have become enriched (Hayes et al., 1999) . Activation of PAH molecules most likely results from a carboxylation reaction as was demonstrated by the detection of 2-naphthoic acid in naphthalene-degrading sulfate reducing enrichment cultures (Zhang and Young, 1997; Meckenstock et al., 2000) . Enrichments cultures degrading naphthalene and phenanthrene supplemented with [ 13 C]bicarbonate resulted in the detection of naphthoic acid and phenanthrenecarboxylic acid with 13 C incorporation (Zhang and Young, 1997) . The identification of reduced 2-naphthoic intermediates, with one ore two aromatic rings saturated, indicates a stepwise reduction of the rings prior to ring cleavage. The degradation of 2-methylnaphthalene was found to parallel the degradation of toluene, since the initial degradation product identified was naphthyl-2-methylsuccinic acid .
Alkanes. Only about 10 years ago, alkanes were regarded as one of the most recalcitrant family of compounds for anaerobic degradation. However, in the last 10 years a large body of evidence has accumulated indicating that even these saturated hydrocarbons are degraded under denitrifying, sulfate reducing and even methanogenic conditions ( Table 2) . Most of the results concern long-chain alkanes of 12 carbons or more. However, recently even hexane and octane have been observed as substrates for isolated denitrifying bacteria (Rabus et al., 2001) . Also pristane a highly branched alkane was found to be mineralized under denitrifying conditions (Bregnard et al., 1997) . The first evidence for alkane decomposition under methanogenic conditions was reported with hexadecane in the last two years (Table 2 ) The methanogenic degradation rates were very slow since only 5.9 mM hexadecane was converted to methane in 810 days (Zengler et al., 1999) . Surprisingly, the activation of inert alkane molecules for anaerobic degradation is also initiated by adduct formation with fumurate in an analogous fashion as the benzylsuccinate synthase reaction with toluene. The formation of succinate adducts with alkanes has been demonstrated with a dodecane degrading sulfate reducing enrichment culture and a hexane degrading denitrifying bacterium (Kropp et al., 2000; Rabus et al., 2001) . The fumurate addition does not occur on the terminal carbon but instead it adds on to the secondary carbon as shown in Figure 2 , which has a lower C-H bond energy (Rabus et al., 2001) . Further evidence for adduct formation during anaerobic alkane degradation is the formation of branched fatty acids in the cell membranes of sulfate reducing bacterium when degrading alkanes (So and Young, 1999b) .
The evidence for anaerobic methane oxidation is growing. Microbial methane oxidation is postulated to occur in marine enviromments by a consortia of archea and sulfate reducing bacteria. While the indirect evidence is compelling, no direct proof has yet been obtained. Figure 2 The formation of (1-methylpentyl)succinate as the initial degradation product during the anoxic degradation of hexane by a denitrifying bacterium (Rabus et al., 2001) The best evidence is based on the occurrence of 13 C-depleted lipids in archae and sulfate reducing bacteria suspected to be involved in the oxidation since marine sources of methane contain unusually low ratios of 13 C (Valentine and Reeburgh, 2000) .
Miscellaneous recalcitrant compounds
New evidence for the anaerobic degradation of lower chlorinated hydrocarbons has been found with vinyl chloride. Vinyl chloride was cometabolized by a halorespiring bacterium, Dehalococcoides ethenogenes, actively respiring perchloroethylene (Maymo-Gatell et al., 2001) . Also vinyl chloride was found to be oxidized by acetogenic bacetria in a methanogenic consortium (Bradley and Chapelle, 2000) .
Anaerobic degradation of MTBE was previously only incidentally observed, rates were generally slow and evidence was non-reproducible (Prince, 2000) . A recent publication demonstrates convincing evidence of MTBE mineralization in aquifer sediments under denitrifying conditions (Bradley et al., 2001) .
Aniline degradation by a sulfate reducing bacterium was observed (Schnell and Schink, 1991) . Likewise, aniline degradation by a denitrifying enrichment and bacterium was also reported . The initial intermediate of anaerobic degradation was identified as 4-aminobenzoate, which is subsequently converted to 4-aminobenzoyl-CoA prior to reductive deamination.
Degradation of recalcitrant aromatic sulfonates groups by Clostridium sp. was demonstrated by supplying the sulfonates as a sole source of sulfur (Cook et al., 1999) .
Recalcitrant humus as electron acceptor and redox mediator Electron acceptor
Although humus is extremely recalcitrant as a carbon and energy source in anaerobic environments, humus is by no means inert in anaerobic environments. Redox active substructures in humus (quinones) are able to function as a terminal electron acceptor supporting the anoxic degradation of many substrates . Quinone model compounds, such as anthraquinone disulfonate (AQDS) and anthraquinone sulfonate (AQS) are used as defined electron acceptors representing humus quinone moieties. A diverse group of microorgansims are involved in quinone respiration ranging from iron reducing bacteria to Archaea (Coates et al., 1998; Lovley et al., 2000) . In the environment, quinone respiring activity was evident in anaerobic sediments and reactor sludges from diverse origins . Quinones and humus also serve as terminal electron acceptors for the anoxic mineralization of priority pollutants such as cisdichloroethene and vinyl chloride (Bradley et al., 1998) (Cervantes et al., 2001a,b) . The use of AQDS (-0.184 V) as an electron acceptor is thermodynamically more favourable than sulfate reduction and methanogenesis.
Redox mediator
Humus is also known to function as a redox mediator accelerating reductive biotransformations of priority pollutants. Several studies have shown that AQDS and AQS can accelerate the bacterial reduction of azo dyes to their corresponding colorless aromatic amines (Kudlich et al., 1997; Laszlo, 2000; van der Zee et al., 2001 ). An example of increasing azo dye decolorization rates by methanogenic sludge with low concentrations of AQS is shown in Figure 3 . The reduced hydroquinone, is responsible for the terminal reaction with the azo dye, since the quinone reducing microorganisms do not need to be in direct contact with the dye (Laszlo, 2000) . Humus can also accelerate biological reductive dehalogenation processes. Humic acid and AQDS have been shown to increase the rate of reductive carbon tetrachloride dechlorination (Collins and Picardal, 1999, Cervantes et al., 2001c) .
Conclusions
1. Unsubstituted hydrocarbons and lower chlorinated solvents (e.g. vinyl chloride), which previously were considered recalcitrant in environments without oxygen are now known to be anaerobically biodegradable. 2. Non-hydrolyzable polymers (lignin, humus, plastic) are reclacitrant to anaerobic biodegradation. 3. Humus is, however, not inert, redox active quinone moeities behave as terminal electron acceptors for microbial respiration and redox mediators of reductive biotransformations. Figure 3 The effect of anthraquinone sulfonate (AQS) on the reductive cleavage of the azo dye, Reactive Red 2 (RR2, 0.12 mM) to colorless products by methanogenic sludge (1.8 g VSS/l) supplied with 2.5 g COD/l of volatile fatty acid substrate (van der Zee et al., unpublished results). The AQS concentrations were 0 (diamonds), 46 µM (squares), 229 µM (triangles) and 893 µM (circles).
